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ABSTRACT
Light pollution is a form of environmental degradation in which excessive artificial outdoor
lighting, such as street lamps, neon signs, and illuminated signboards, affects the natural
environment and the ecosystem. Poorly designed outdoor lighting not only wastes energy,
money, and valuable Earth resources, but also robs us of our beautiful night sky. Effects of light
pollution on the night sky can be evaluated by the skyglow caused by these artificial lighting
sources, through measurements of the night sky brightness (NSB). The Hong Kong Night Sky
Brightness Monitoring Network (NSN) was established to monitor in detail the conditions of
light pollution in Hong Kong. Monitoring stations were set up throughout the city covering a
wide range of urban and rural settings to continuously measure the variations of the NSB. Over
4.6 million night sky measurements were collected from 18 distinct locations between May 2010
and March 2013. This huge dataset, over two thousand times larger than our previous survey
(Pun & So 2012), forms the backbone for studies of the temporal and geographical variations
of this environmental parameter and its correlation with various natural and artificial factors.
The concepts and methodology of the NSN were presented here, together with an analysis of
the overall night sky conditions in Hong Kong. The average NSB in Hong Kong, excluding data
affected by the Moon, was 16.8 mag arcsec−2, or 82 times brighter than the dark site standard
established by the International Astronomical Union (IAU) (Smith 1979). The urban night sky
was on average 15 times brighter than that in a rural location, firmly establishing the effects of
artificial lighting sources on the night sky.
Subject headings: light pollution, night sky brightness, skyglow, Moon radiation, urban lighting
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1. Introduction
Outdoor lighting is an indispensable element of
modern civilized societies for safety, recreation,
and decorating purposes. However, poorly de-
signed outdoor lighting systems and excessive illu-
mination levels can lead to light pollution (Smith
2009; Mar´ın & Jafari 2007). The scattering of arti-
ficial light by cloud, aerosol, and pollutants such as
suspended particulates in the atmosphere spread
the effects to distances beyond the position of the
lighting source and can brighten the entire night
sky (Benn & Ellison 1998). Light pollution is a
form of environmental degradation in which ex-
cessive artificial outdoor lighting affect the natu-
ral environment and the ecosystem. It not only
represents a waste of energy, money, and valuable
Earth resources, but also indirectly contributes to
the global environmental problems. Last but not
least, the skyglow due to these artificial lighting
sources leads to the degradation of the quality of
night sky and reduces the number of observable
stars, robbing us the beautiful night sky on dark
nights when it would otherwise be visible.
The energy wasted by artificial lighting sources
can be directly monitored by night-time images
of the Earth. Satellite imagery taken from the
US Air Force Defence Meteorological Satellite
Program (DMSP) Operational Linescan System
(OLS)1 sampled large areas of landmass at a mod-
erate spatial resolution (∼ 1 km), making studies
of the extent and degree of night time radiation
over a metropolis or even globally possible (Kyba
et al. 2013; Small & Elvidge 2013; Cinzano &
Elvidge 2004; Cinzano et al. 2001). The night-
time photographs taken by astronauts onboard
the International Space Station (ISS)2 provided
even higher spatial resolution (at ∼ 6 m per pixel)
for selected locations on Earth. While the light
intensity on the ISS photograph of Hong Kong was
found to be positively correlated with population
density in general (Liu et al. 2011), the scarcity of
these photographs was insufficient for studies of
nightly variations of light pollution in the city.
The extent of light pollution can also be mon-
itored by studying the night sky brightness (re-
1Department of Physics, The University of Hong Kong,
Pokfulam Road, Hong Kong
1http://ngdc.noaa.gov/eog/
2http://eol.jsc.nasa.gov/
ferred to as NSB hereafter). The NSB is a com-
bination of the natural sky glow due to celestial
objects (Sun, Moon, planets, stars, Milky Way,
galaxies, etc.), and the sky glow due to direct
or reflected light from artificial lighting sources.
Apart from the effects of the Sun and the Moon,
the chief contributor to the NSB for a highly
populated metropolitan city is the artificial light-
ing source. The level of the NSB had mostly
been studied at professional astronomical obser-
vatories using the traditional astronomical tech-
nique of photometry — the amount of light de-
tected in star-free regions on the CCD images
was extracted to estimate the NSB at different
wavelength bands (Pedani 2009; Stalin et al. 2008;
Patat 2008; Sanchez et al. 2007; Krisciunas et al.
2007; Taylor et al. 2004; Liu et al. 2003). This kind
of observation helped astronomers to reveal poten-
tial light pollution threats to the observatory and
aid in their search for a new potential dark observ-
ing location. These observations would normally
require skilled personnels using delicate experi-
mental setup (telescope/lens/camera/mounting).
The geographical and temporal coverages of those
studies were usually limited (limited to a single
site, and only a relatively few observations per
night).
Large-scale surveys of the sky conditions had
also been carried out by campaigns which re-
cruited ordinary people to conduct visual studies
of the night sky following simple procedures with
minimal technical expertise required, such as the
GLOBE at Night3 and the Great World Wide Star
Count4 projects. Without the need for special-
ized or expensive equipment, this kind of citizen-
science project encouraged a large number of peo-
ple from around the world to take part in studies
of light pollution, yielding results with broad ge-
ographical coverage and high spatial resolution if
the number of observers were large enough. Fur-
thermore, many observations were conducted near
places where the participants lived, such as city
centers or suburban regions, or at places that they
could gain access to, such as country parks. Re-
cent comparison of a subset of the GLOBE at
Night results with the night-time satellite images
3http://www.globeatnight.org/
4http://www.windows2universe.org/citizen_science/
starcount/
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illustrated that this kind of study has huge poten-
tial for global scale studies of the night sky (Kyba
et al. 2013).
Hong Kong is a populous metropolitan city
(mid-2012 population 7,154,600 (Census and
Statistics Department 2013)) with a high pop-
ulation density (6,620 per km2), known for its
spectacular night lights. The mountainous city
has a complex geographical landscape, leading to
a short supply of habitable land. A photograph
taken from the ISS in March 2003 (Figure 1) re-
vealed the huge amount of upward shooting light
at night. As seen in the figure, there were substan-
tial variations in the level of night-time emission
from the city, mostly due to differences in pop-
ulation and land utilization. It seems obvious
that the degree of light pollution in Hong Kong
should be strongly dependent on human activity,
in particular, how and where people use external
lighting.
The availability of low-cost light sensors orig-
inally targeted for the astronomical community
allowed for detailed and comprehensive studies
of the NSB. Between 2007 and 2009, we con-
ducted a citizen-science survey of light pollution
in Hong Kong by inviting students, astronomy en-
thusiasts, and campsite employers to measure the
NSB using one such device, the Sky Quality Meter
(SQM) (Pun & So 2012). Compared to projects
such as GLOBE at Night, the use of a standard
measuring device in this study reduced the uncer-
tainties in night sky measurements due to varia-
tions in observers’ eyesight and experience. From
the over 2,000 measurements taken at almost 200
locations by over 170 volunteers, it was concluded
that light pollution in Hong Kong is severe, with
large brightness contrast between the observed ur-
ban versus rural locations. Moreover, later night
skies (at 23:30, local time (UTC+8) hereafter)
were generally darker than at an earlier times (at
21:30), which could be attributed to some public
and commercial light sources being turned off late
at night.
This survey not only provided the first glimpse
of the light pollution situation in Hong Kong, but
also spread the message of dark sky conservation
and energy saving among students and the gen-
eral public through participations in the hands-on
sky brightness measurements and first-hand ob-
servations of the environmental consequences of
light pollution. However, the dataset collected
was limited by its geographic distribution (volun-
teers made measurements usually within or near
urban population areas), temporal resolution (a
majority of volunteers made measurements usu-
ally once or twice every several nights), a short
monitoring time (volunteers were swapped every
few months to allow for more participation), and
possible human-related errors (volunteers might
make mistakes during measurements and/or data
reporting).
We launched the succeeding project Hong Kong
Night Sky Brightness Monitoring Network (re-
ferred to as NSN hereafter) in 2010 to comprehen-
sively study the properties of the NSB in Hong
Kong and its dependence on time, location, and
various atmospheric and meteorological conditions
with the support of the Environment and Con-
servation Fund of the Hong Kong SAR govern-
ment. The range, depth, and accuracy of data
collection were optimized by setting up automatic
NSB measurement stations in 18 distinct urban
and rural locations around Hong Kong. All these
stations were designed so that on-site NSB mon-
itoring for over a year was possible after secur-
ing long-term commitments from our collaborat-
ing partners (refer to acknowledgment section for
the full list). The temporal resolution of data
collection was vastly improved and human errors
were eliminated through the use of the ethernet
version of the SQM. In Section 2, details of the
survey are discussed, including the setup of the
automatic NSB measuring stations, site selection,
data selection, data quality control, and calibra-
tion of the measurement devices. The resulting
database forms the backbone for a study of the
overall light pollution conditions in Hong Kong.
Results of the analyses can be found in Section 3,
focusing on the contributions of artificial lighting
sources on the observed NSB in an urban environ-
ment. Discussion of the results from this study
and possible potentials of this NSB database are
presented in Section 4.
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Fig. 1.— Image taken from the International Space Station (ISS) when it flew over Hong Kong in orbit at
altitude of ∼ 300 km. The image was taken at 00:51 (UTC+8) on 11 March 2003 local time. Landmass
boundaries and locations of NSN monitoring stations obtained from Google Map are overlaid on the im-
age. Refer to Table 1 for station codes and Section 2.1.2 for details. (credit: Image Science and Analysis
Laboratory, NASA-Johnson Space Center, The Gateway to Astronaut Photography of Earth)
2. Methodology
2.1. Data collection
2.1.1. Measurement instrumentation
In the current study, the lensed version of the
SQM, the Sky Quality Meter - Lens Ethernet
(SQM-LE), was used to collect the night sky ob-
servation data. Both the SQM and SQM-LE mea-
sure the brightness of the night sky in units5 of
5Magnitude (mag) is a logarithm scale international unit to
measure the brightness of astronomical objects. A differ-
ence of 1 mag refers to an observed light flux ratio of 100.4
= 2.512. Arc second (arcsec or ”) is the unit of length on
mag arcsec−2. The SQM-LE is manufactured by
the Canadian company Unihedron6 and each unit
was calibrated by the manufacturer before ship-
ment. The light sensor of SQM-LE is the TAOS
TSL237 High-Sensitivity Light-to-Frequency Con-
verter covered by a near-infrared blocking filter
Hoya CM-500. The combined filter-sensor sys-
the celestial sphere. 1” = 1/3,600◦. Suppose the measured
NSB at site A is 20.0 mag arcsec−2, then the brightness of
the sky is equivalent to a celestial object of 20 mag filling
up a patch of sky of area 1 arcsec × arcsec. Suppose the
measured NSB at site B is 19.0 mag arcsec−2, then the sky
at site B is 2.512 times brighter than that at site A.
6http://unihedron.com/projects/sqm-le/
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tem has a central wavelength of 540 nm and a
Full Width Half Maximum (FWHM) of 240 nm
(Cinzano 2013a), and is designed to have a similar
sensitivity to that of the human eye. Compared
to the earlier version of the SQM, the SQM-LE
has a narrower field of view of ∼ 20◦ in FWHM.
The detector sensitivity drops sharply away from
the zenith direction, with sensitivities at factors
15 and 100 respectively, lower than that at the
zenith at 20◦ and 40◦ off-axis (Cinzano 2013b).
The SQM-LE was preferred over the original un-
lensed version of the SQM for a NSB study in Hong
Kong because the measurements would be less af-
fected by effects of stray lighting directly reaching
the light sensor in this dense urban environment.
The stated accuracy of the SQM-LE by the man-
ufacturer is 0.1 mag arcsec−2, or roughly ±10% of
the brightness of the sky in terms of emitted flux.
While the convenience and the durability of
SQM-LE favored their usage for a long-term night
sky monitoring project, a few problems of this de-
vice had been identified. First, dropped trans-
parency of the filter could occur due to frosting
developed when operated in a humid environment
for a prolonged period. A filter with anti-moisture
coating had been provided by the manufacturer for
replacement (cf Section 2.3). Second, the unit had
not been calibrated to accurately measure a night
sky darker than 23 mag arcsec−2. However, this
is a non-factor for our study as the night sky in
Hong Kong would never reach that dark level. Fi-
nally, in earlier versions of the SQM-LE firmware
(before version 19), the precision of the meter
for readings brighter than ∼ 17.0 mag arcsec−2
suffered from digitization problems, causing the
units to round off measurements between 15.2
and 17.0 mag arcsec−2 to the nearest 0.15 mag
arcsec−2, and measurements brighter (smaller in
NSB) than 15.2 mag arcsec−2 to the nearest 0.18
mag arcsec−2. As this problem had been fixed by
a subsequent firmware upgrade, only ∼ 8% of the
total data collected at 13 different stations from
14 individual units in the first 20 months of the
survey could be affected by this error.
The SQM-LE was not originally designed for
permanent outdoor installations. To protect it
from the wear and tear of the outdoor environ-
ments, each unit was fitted into a waterproof poly-
carbonate housing which has a transparent cover
for light to reach the SQM-LE sensor. A unit of
SQM-LE, the configuration and appearance of the
setup were shown in Figure 2. The enclosure for
each module also included a power supply adapter
and a network device for data transmission (to be
discussed in detail in Section 2.1.3). Except SQM-
LE, almost all components of the observing mod-
ule employed readily available commercial prod-
ucts to reduce the cost for construction and main-
tenance. The entire housing was supported on
a tailor-made stainless steel frame mounted on a
pole attached usually to the railings on the rooftop
of buildings. The entire housing and frame could
easily be dismounted so that the entire unit could
be collected from an observing site to our labora-
tory for regular checking and maintenance. The
modular design also allowed for swapping of hard-
ware between stations.
The summer temperature of Hong Kong can
reach a high of 35◦C and thus temperature con-
trol is important for protection of the various elec-
tronic devices, including the SQM-LE (maximum
operating temperature 85◦C). Even though the
unit’s temperature compensation algorithm is ad-
equate under the expected outdoor operating con-
ditions in Hong Kong (Schnitt et al. 2013), we in-
stalled ventilation fans at the bottom of the hous-
ing and glued silver reflective linings to reduce
the heat accumulation in the interior of the unit.
We placed the linings inside the housing instead
of outside to ensure that they would not be de-
tached after long-term outdoor exposure, and it
had proved to serve its purpose. In each mod-
ule, an electronic timer switch limited the power
supply to 15:50 − 09:00 each day for both energy
saving and for reducing heat generation. The daily
power reset also occasionally helped to overcome
system failures during the night, and recovered op-
eration of the module in the next day to reduce the
number of required manned on-site service main-
tenance.
Through regular maintenance of the observing
modules collected from the monitoring stations, it
was discovered that the transparent cover window
of the polycarbonate housing suffered from obvi-
ous aging and turned visually yellow after ∼ 12
months of outdoor operations. To prevent fur-
ther degradation in data quality, a small portion
of the polycarbonate housing right on top of SQM-
LE was replaced with a 25.4 mm in diameter and
3 mm thick high efficiency circular glass window
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Fig. 2.— A unit of SQM-LE is shown in (a) (credit: Unihedron). Its semi-conductor light sensor is located
under the filter in greenish blue. The view in the bottom shows the power inlet, the ethernet inlet, and
the switch for calibration purpose. The dimension of a SQM-LE unit is about 91 × 66 × 28 mm. The
internal hardware configuration and appearance of the iObs NSN monitoring station are shown in (b) and
(c) respectively. The dimension of this model of housing is 278 × 278 × 100 mm. As discussed in the main
text, a small piece of the polycarbonate surface where the SQM-LE points towards the zenith had been
replaced by a piece of a thin glass 25.4 mm in diameter. For each complete module, hardware costed about
USD 770 in 2010, weights ∼ 5 kg, and requires less than ∼ 16 W AC power supply during normal operation.
In the outdoor photograph, in addition to the night sky measurement module, two cloud sensors (narrow
cylinders mounted on the right side of the rectangular housing) were also mounted on the left-side pole,
while an automatic weather station installed by the Hong Kong Space Museum on the right-side pole was
also shown.
with anti-reflection coating (Edmund Optics Stock
No. #46-0987). The glass was glued directly
above the SQM-LE sensor by drilling a small hole
on the housing cover. Procedures for corrections
of the data that suffered from the aging problem
will be described in detail in Section 2.3.
2.1.2. Monitoring stations
From our previous study of the light pollu-
tion condition in Hong Kong (Pun & So 2012),
it was clear that the level of external lighting was
the dominating factor of the NSB level observed.
With a highly mixed land utilization within a
small landmass, along with a complex landscape
and diverse forms of human activities in different
areas in Hong Kong, it was desirable to strategi-
cally choose monitoring stations to form a network
covering as wide a geographical coverage, range of
population density, landscape type, and land use
as possible within the budget constraint.
7http://www.edmundoptics.com/
Apart from the demographic and geographic
considerations described above, each observing
module should have a wide field-of-view (FOV)
to the sky not obstructed by any lighting source.
This could pose a big challenge for our urban mon-
itoring site selection due to the high density of
buildings in the city residential areas. In almost all
cases the measurement module was placed on the
rooftop of a building for the widest FOV. More-
over, the ambient environment near each monitor-
ing station was checked so that the top floor of
the nearest building was at least 40◦ away from
zenith. As discussed in Section 2.1.1, the sensitiv-
ity of the SQM-LE at that angle was only a fac-
tor of 0.01 of that at the zenith. All monitoring
stations satisfy this criteria, except in the WTS
where the rooftops of a handful of buildings were
visible at an zenith angle of ∼ 30◦. Other fac-
tors for consideration included the availability of
power, and more importantly, steady and strong
mobile Internet network at the observing locations
(cf Section 2.1.3). These could be demanding re-
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quirements for some of the rural locations in our
survey.
With a hilly and complex terrain, the popula-
tion density of Hong Kong is highly uneven. Re-
gions of the highest population density lie on ei-
ther side of the Victoria Harbor between the Hong
Kong Island and Kowloon. Additional popula-
tion centers spread throughout the rest of the city
(known as the New Territories region), observable
as clusters of light in the ISS image in Figure 1.
On the other hand, large portions of the territory
are allocated as reserved park areas and remain
sparsely populated. In an ideal situation, the mon-
itoring network should cover as wide a geograph-
ical distribution and population density as possi-
ble. However, with limitations of manpower, fund-
ing, and accessibility to suitable sites, we ended
up selecting 18 locations for construction of NSN
stations. Details of these stations were listed in
Table 1. In Figure 1, the station locations were
overlaid on the night-time image taken from ISS
in 2003. Station codes in Table 1 will be used
to refer to specific stations hereafter. While this
project was conducted between 2010 and 2013, al-
most a decade after the ISS image in Figure 1 was
taken, it is expected that the overall pattern or
distribution of population, henceforth the amount
of external lighting used, did not change by much
for a majority of the regions during the intervening
period.
Unlike many cities worldwide, the wide spread
of population centers in Hong Kong made the ex-
act classification of each monitoring locations as
urban, suburban, and rural to be ambiguous. On
the other hand, the ISS image did seem to justify
the classification of only two categories, urban and
rural. The classifications were listed in Table 1
and shown in Figure 1. With this rough system,
a total of 10 monitoring stations were classified as
urban and 6 as rural. In two instances, the station
was neither classified as urban nor rural because
of their unique locations near the Hong Kong In-
ternational Airport (GFS) and the River Trade
Terminal (TMD).
Brief descriptions of all the monitoring stations
listed in Table 1, in their order of operation start
dates, are provided below.
KP This urban station was located at the King’s
Park Meteorological Station of the Hong
Kong Observatory (HKO). Situated on the
summit of a small hill at the middle of
Kowloon, it offers a location with a rela-
tively wide FOV in the middle of a densely
populated mixed residential and commercial
area. A large variety of surface meteorologi-
cal measurements are conducted daily by the
many equipment operated by the HKO at
this station8.
TC This urban station was located in a satellite
residential town adjacent to the Hong Kong
International Airport. The NSN module was
installed at the rooftop of a two-storey gov-
ernment building in the center of the town.
In addition to shopping malls and high-rise
residential buildings nearby, the major ar-
tificial light source is the Airport passenger
terminal at about 3 km away.
HKn This urban station was located near the
astronomical observatory on the rooftop of
an environmental education center complex
on the foothill of Tai Mo Shan, the high-
est peak in Hong Kong. While it has the
highest elevation (∼ 140 m above sea level)
among all stations in the network, it was still
affected by external lighting of even taller
highrises nearby and from the adjacent town
center. The education center held regular
school group and public visits which could
occasionally affect the data taken.
HKU This urban station was installed near the
teaching astronomical observatory on the
rooftop of the Department of Physics build-
ing at the University of Hong Kong (HKU).
HKU has an urban campus with high-rise
residential buildings in the surrounding. Me-
teorological equipment including two cloud
sensors, an all sky camera, and an auto-
matic weather station were installed near
the night sky monitoring module for addi-
tional measurements of the atmospheric con-
ditions. Occasional educational events were
held at the observatory which could affect
the operation of the monitoring station.
iObs This rural station was installed on the
rooftop of the building housing the robotic
8http://www.hko.gov.hk/wxinfo/aws/kpinfo.htm
7
observatory of the Hong Kong Space Mu-
seum inside a rural country park. The ob-
servatory is part of a complex of buildings in
a public camping village. The main sources
of artificial lighting include the external fix-
tures of the camp cottages and recreational
facilities within the complex. Moreover,
scattered lights from a town centre about
6 km away in southwest (Sai Kung) can be
noticed from the observatory. Similar to
the HKU station, meteorological equipment
including two cloud sensors, an all sky cam-
era, and an automatic weather station were
installed near the night sky monitoring mod-
ule (the latter two equipment were installed
by the Hong Kong Space Museum). As part
of a public educational facility, stargazing
events were regularly held as part of the
Museum and village programs.
TST This urban station was installed on the
rooftop of the Hong Kong Space Museum.
The museum is located in the waterfront of
the Victoria Harbor, which is the central
commercial area of the city clustered with a
large number of hotels, shopping malls, and
tourist attractions. The Museum building is
relatively low in height (∼10 m) compared
to office buildings and hotel towers nearby
that can reach ∼100 m. In addition to the
spilled light from the interiors of these build-
ings, other lighting sources include the large
and bright illuminated billboards decorating
the building exterior, particularly near the
rooftop of the buildings. Similar to the iObs
station, stargazing and educational activities
at the rooftop could occasionally affect the
measurements.
SH This rural station was located on the rooftop
of the building housing the observatory of
the Hong Kong Astronomical Society, which
was operated by local amateur astronomy
enthusiasts in a rural village setting, with
only a small number of houses in the vicinity.
While the Airport is located about 10 km
away to the North, this site is not expected
to be strongly affected by its strong lighting
due to the shielding effect from the Lantau
Peak (altitude 934 m) in between. Members
of the Society might use the observatory for
observations during clear weather nights and
these operations could briefly affect the data
collected.
Cap This rural station was located on the rooftop
of the marine science research center oper-
ated by HKU at one of the southeastern tips
of the Hong Kong Island. The building lies
on the shore of a marine reserve area with
minimal amount of artificial lighting fixtures
in the ambient environment to allow for eco-
logical studies of the region. The main light
source is a lighthouse (at a height 20 m above
the observing module) located at ∼ 200 m
away.
AP This rural station was located in the As-
tropark, a designated stargazing park de-
signed by the Hong Kong Space Museum.
The AP station was located ∼ 3 km deeper
into the same country park compared to the
iObs station described earlier. No exter-
nal lighting operates within the park, but
scattered light from a water sports center at
100 m away could affect measurements taken
at the station. Since its opening in 2010,
the park has been one of the most popular
stargazing venues in Hong Kong for astron-
omy enthusiasts.
TMD This station was located in a temporary
observatory setup near the Hong Kong Sci-
ence Museum’s depot in western New Ter-
ritories. While the nearest residential town
was relatively distant at ∼ 4 km away, the
station’s lighting environment was mainly
affected by the River Trade Terminal at
about 0.5 km away. This container terminal
for river barges has 49 berths and a large
number of lighting fixtures remained turned
on throughout the night. Therefore this sta-
tion is classified as neither an urban nor a
rural site.
MWo This rural station was installed on the
rooftop of a campsite at about 1 km away
from a ferry pier, which was also the loca-
tion of a rural town center. This station was
closed permanently in August 2011 due to
the closure of the campsite for major reno-
vation work.
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TPo This urban station was installed on the
rooftop of a government office building lo-
cated within a population center in the New
Territories. Public facilities and residential
estates in form of high-rise apartments as
close as 30 m away could affect the measure-
ments collected.
TSW This urban location was established within
the Hong Kong Wetland Park which is a
conservation, education, and eco-tourism fa-
cility. The park comprises of a visitor cen-
ter and 60 hectares of outdoor wetland pro-
tected areas. The station was installed in a
location inside the park that was not open
to the pubic. As an ecologically important
area, usage of outdoor lighting within the
park is kept to a minimum. On the other
hand, a major population center is located
about 500 m away from our detector and
could contribute to the observed NSB.
WTS This urban station was installed on the
rooftop of a school located in a densely
populated district with residential estates,
shopping malls, and transportation hubs in
Kowloon. At only nine storeys high, our de-
tector was practically surrounded by taller
buildings in all directions, with the closest
one at about 70 m away extending up to
∼ 30◦ in zenith angle.
TpM This rural station was installed on the
rooftop of a Police Post on a sparsely pop-
ulated (population ∼ 100) island on the
northeastern corner of Hong Kong. The
entire island was inside a country park, with
limited artificial lighting sources apart from
public facilities. The remoteness of the site
also led to our selection of a different data
acquisition mode for this station due to the
limited mobile Internet strength (cf Sec-
tion 2.1.3).
SSh This urban station was installed on the
rooftop of a school located in a population
center in northern New Territories. Situated
near the edge of town center, this observing
location has relatively wide FOV. This sta-
tion was the northernmost in our study, and
its data could also be affected from the city
of Shenzhen, China, at only 4 km away.
ST This urban station was installed on the
rooftop of a school located in a population
center in southern New Territories. This
school is also surrounded by taller residen-
tial buildings, with the closest block at about
80 m away.
GFS This station was installed within the con-
fines of the Hong Kong International Air-
port. This busy airport operates 24 hours
a day and most of the external lighting for
air traffic remains turned on throughout the
night. This station was installed on the
rooftop of a facility building on the south-
western corner of the airport. The South
runway and the airport passenger terminal
are located about 500 m in North and 3 km
in northeast. Both the HKO and the airport
operator (Airport Authority Hong Kong) in-
stalled suites of advanced meteorological and
air quality monitoring systems at different
locations of the airport for air traffic opera-
tions and for environmental monitoring. We
also installed cloud sensors adjacent to the
SQM-LE for further studies.
The lighting environment near each monitoring
station were recorded at the beginning of the study
and monitored regularly through our maintenance
trips to ensure that the FOV of all the SQM-LE
were not blocked by any obstacles such as trees or
artificial structures. Moreover, we observed no ev-
idence of drastic change of the lighting settings in
our monitoring stations throughout up to 3 years
of duration of survey.
2.1.3. Data flow
The NSB measurements taken from the SQM-
LE could be transferred by Internet directly via
a TCP connection to the survey computer server
(the main server). With a majority of monitoring
stations located at third-party properties, the mo-
bile 3G network was used for Internet connections
to all the monitoring stations to minimize the cost
and labor required.
For all but one of the monitoring stations, we
adopted the active mode of data transfer. Each
SQM-LE unit acted as a TCP client, linking first
to a commercial 3G router, and then a USB 3G
modem for Internet connection. Each unit would
9
T
ab
le
1:
G
eo
gr
ap
h
ic
al
d
et
ai
ls
of
th
e
N
S
N
m
on
it
or
in
g
st
a
ti
o
n
s.
C
o
d
e
F
ac
il
it
y
L
a
ti
tu
d
e
N
L
o
n
g
it
u
d
e
E
E
le
va
ti
o
n
O
p
er
a
ti
o
n
D
a
te
(m
a
b
ov
e
se
a
le
v
el
)
(D
D
-M
M
-Y
Y
)
U
rb
a
n
K
P
K
in
g’
s
P
ar
k
M
et
eo
ro
lo
gi
ca
l
S
ta
ti
on
,
H
o
n
g
K
o
n
g
O
b
se
rv
a
to
ry
2
2
.3
1
2
0
1
1
4
.1
7
2
3
6
5
2
6
-0
5
-1
0
T
C
T
u
n
g
C
h
u
n
g
M
on
it
o
ri
n
g
S
ta
ti
on
,
E
n
v
ir
on
m
en
ta
l
P
ro
te
ct
io
n
D
ep
a
rt
m
en
t
2
2
.2
8
8
8
1
1
3
.9
4
3
5
3
0
1
1
-0
8
-1
0
H
K
n
H
o
K
o
on
N
at
u
re
E
d
u
ca
ti
on
cu
m
A
st
ro
n
o
m
ic
a
l
C
en
tr
e
2
2
.3
8
3
6
1
1
4
.1
0
8
0
1
4
0
2
8
-0
8
-1
0
H
K
U
O
b
se
rv
at
or
y
D
om
e,
H
K
U
2
2
.2
8
3
3
1
1
4
.1
3
9
8
1
0
0
0
1
-0
9
-1
0
T
S
T
H
on
g
K
on
g
S
p
ac
e
M
u
se
u
m
2
2
.2
9
4
2
1
1
4
.1
7
1
5
1
0
1
5
-0
9
-1
0
T
P
o
T
ai
P
o
M
on
it
or
in
g
S
ta
ti
on
,
E
n
v
ir
on
m
en
ta
l
P
ro
te
ct
io
n
D
ep
a
rt
m
en
t
2
2
.4
5
1
0
1
1
4
.1
6
4
6
2
5
1
0
-1
2
-1
0
T
S
W
H
on
g
K
on
g
W
et
la
n
d
P
a
rk
2
2
.4
6
6
9
1
1
4
.0
0
8
7
5
2
1
-1
2
-1
0
W
T
S
O
u
r
L
ad
y
’s
C
ol
le
g
e
2
2
.3
4
5
2
1
1
4
.1
9
6
5
5
0
1
5
-0
3
-1
1
S
S
h
E
le
ga
n
ti
a
C
ol
le
ge
(S
p
on
so
re
d
B
y
E
d
u
ca
ti
o
n
C
o
n
v
er
g
en
ce
)
2
2
.4
9
2
5
1
1
4
.1
2
4
2
1
0
2
2
-0
3
-1
1
S
T
P
O
H
C
h
an
K
ai
M
em
or
ia
l
C
o
ll
eg
e
2
2
.3
6
6
4
1
1
4
.1
7
8
1
2
0
3
0
-0
3
-1
1
R
u
ra
l
iO
b
s
iO
b
se
rv
at
or
y,
H
on
g
K
o
n
g
S
p
a
ce
M
u
se
u
m
2
2
.4
0
8
3
1
1
4
.3
2
2
9
8
0
0
2
-0
9
-1
0
S
H
S
h
u
i
H
au
O
b
se
rv
at
or
y,
H
on
g
K
o
n
g
A
st
ro
n
o
m
ic
a
l
S
o
ci
et
y
2
2
.2
2
2
1
1
1
3
.9
1
5
3
1
5
2
7
-0
9
-1
0
C
ap
T
h
e
S
w
ir
e
In
st
it
u
te
o
f
M
a
ri
n
e,
H
K
U
2
2
.2
0
7
9
1
1
4
.2
6
0
3
5
1
1
-1
1
-1
0
A
P
A
st
ro
p
ar
k
,
H
on
g
K
on
g
S
p
a
ce
M
u
se
u
m
2
2
.3
7
6
6
1
1
4
.3
3
6
1
5
1
2
-1
1
-1
0
M
W
o
H
K
P
A
S
il
ve
rm
in
e
B
ay
C
a
m
p
2
2
.2
7
3
6
1
1
4
.0
0
3
1
2
5
2
6
-1
1
-1
0
T
p
M
T
ap
M
u
n
M
on
it
or
in
g
S
ta
ti
on
,
E
n
v
ir
o
n
m
en
ta
l
P
ro
te
ct
io
n
D
ep
a
rt
m
en
t
2
2
.4
7
1
3
1
1
4
.3
6
0
7
1
5
2
2
-0
3
-1
1
N
o
t
c
la
ss
ifi
e
d
T
M
D
T
u
en
M
u
n
G
ov
er
n
m
en
t
D
ep
ot
,
H
on
g
K
o
n
g
S
ci
en
ce
M
u
se
u
m
2
2
.3
6
7
9
1
1
3
.9
4
3
2
1
5
1
6
-1
1
-1
0
G
F
S
G
ov
er
n
m
en
t
F
ly
in
g
S
er
v
ic
e,
H
on
g
K
o
n
g
In
te
rn
a
ti
o
n
a
l
A
ir
p
o
rt
2
2
.2
9
6
1
1
1
3
.9
1
0
1
1
0
3
1
-0
5
-1
1
10
then be assigned a static IP address. The main
server was programmed to request measurement
from all NSN stations simultaneously every day
from 16:00 to 08:59 in the next day at regular time
intervals. The start and end time of operation
were intentionally set to be earlier than the sunset
time and later than the sunrise time respectively
throughout the entire year in Hong Kong. The
data collection frequency was initially set to be
once per 1 to 5 minutes during the early testing
stage, and was unified to once every minute since
late 2011.
The SQM-LE would respond to the request
from the main server by sending a formatted string
of results, which included the NSB reading, sen-
sor temperature, device serial number, and other
information back to the main server. A new en-
try was created in a MySQL database for each
returned string. The timestamp of an individual
entry was defined to be the time when the main
server received the returned string. Normally the
string arrived in less than 10 seconds. Four con-
secutive data requests for a specific station would
be made by the main server if it did not receive
the data string in its prior attempt(s). An error
log would be generated if all attempts failed before
waiting for the start of the next data requesting
cycle.
In the remote rural monitor station TpM, a pas-
sive mode of data transfer was adopted due to the
weak mobile network coverage for the Internet ser-
vice provider that serviced all the other stations.
While the hardware configuration remained the
same, the data flow out of TpM was different. The
networking enhancement featured in the SQM-LE
firmware version ≥ 13 was adopted so that the de-
vice was able to act as a TCP server and send mea-
surement readings to the main server via Internet
at regular time intervals. To collect data from the
TpM station, a listener program ran continuously
on the main server to receive data strings com-
ing in from it. The data sampling interval at this
station was set as once per 5 minutes because of
the limited Internet bandwidth. The device could
still make measurements even in the case of dis-
rupted Internet connection by storing the unsent
data strings in an internal memory . Once the
Internet connection resumed, all the stored mea-
surements would then be sent out simultaneously.
An adjustment program was developed to fix the
timestamp of these data strings for storage in the
MySQL database.
2.2. Data selection
The stability and reliability of NSB measure-
ments were crucial for establishing a long-term
database of NSB in Hong Kong. Special atten-
tion was paid to maximize the number of mea-
surements collected while ensuring the quality of
data received. In this section, we describe our ef-
forts to monitor and improve the success rate of
data collection. Moreover, we discuss how we fil-
tered out entries in our database that were due
to non-night-sky entries taken under the influence
of sunlight, or during the periods of known non-
routine human activities, testing, or hardware fail-
ures, etc., before any meaningful analysis could be
performed.
As discussed in Section 2.1.3, all active stations
operated between 16:00 and 08:59 (17 hours) daily
during the production stage of the NSN. For a data
collection frequency of once per minute, a total
of 17 × 60 = 1, 020 individual data entries would
be expected from each station for each night. In
reality, data taking failures could be caused by
a multitude of factors, including faulty SQM-LE
units and/or mobile network hardware, power sup-
ply failure, network failure, or any combinations
of them. The data collection success rate for a
particular night of each station was defined to be
the number of entries received divided by the ex-
pected number (1,020). By daily monitoring of
this value for all stations, we were able to identify
problematic stations and take appropriate actions
to resume data collection as soon as possible.
After settling on a 1 minute data-taking fre-
quency in December 2011, the monthly success
rate of stations dropped to values below 50% (i.e.,
less than half of expected number of entries re-
ceived) for only roughly 5% of the time. While it
was difficult to accurately diagnose, the exact rea-
sons behind this drop which was usually discovered
the day after. In most of the cases, these stations
would resume normal operation and reconnect to
the network after the scheduled system reboot by
the timer switch in the system the next afternoon
(cf Section 2.1.1). On rare occasions of a persis-
tent drop in the success rates, site visits would be
arranged for on-site servicing or for replacement
with a back-up complete module if the problem
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could not be solved in-situ. Through replacement
tests with a backup SQM-LE, we found that the
origin of the problem was usually due to unstable
mobile network connection at a particular location
or an unsteady network router/USB-modem. In
summary, we attempted to maximize the amount
of data taken given the limitations of manpower
and the structure of the data acquisition system,
and achieved a success rate of around 86% for the
network near the end of the study.
With each NSN station operating before sunset
and after sunrise daily, data entries collected un-
der the influence of sunlight had to be excluded.
The sky would be totally free from sunlight be-
tween astronomical dusk and astronomical dawn,
that is, when the altitude of the center of the Sun is
≥ 18◦ below horizon, which translates to 74 to 86
minutes after sunset and before sunrise through-
out the year in Hong Kong (Hong Kong Obser-
vatory 2011). However, based on actual measure-
ments of the sky brightness taken near summer
and winter solstices, it was concluded the con-
ditions could be slightly relaxed to 70 minutes
after sunset and 70 minutes before sunrise, due
to obstructed near-horizon sightlines reaching the
light sensors. While these sunlight-affected en-
tries, making up 40% of all collected, would be
excluded for NSB studies, they could potentially
be used in the future for studies of atmospheric op-
tical properties through changes in the sky bright-
ness level during twilight (Patat et al. 2006; Rozen-
berg 1966; Hulburt 1953).
Apart from sunlight, data entries that were
classified as taken during non-night-sky conditions
are excluded. These included entries affected by
non-routine human activities. As described ear-
lier, some of the monitoring stations were installed
near astronomical facilities where public or pri-
vate observing sessions were conducted. The du-
ration of these activities was usually short (sev-
eral hours) and ended before midnight. Data en-
tries taken during these activities were all removed
even though the use of lighting was usually kept
at a minimal level during an observing session.
On the other hand, emission from celestial ob-
jects could also contribute to the background NSB.
The Moon is the major contributor to the NSB. In
our database, data from all Moon conditions, in-
cluding altitude, phase, or even for cases of lunar
eclipses (there were total of 6 lunar eclipses, in-
cluding a penumbral eclipse, visible in Hong Kong
during the project period (NASA 2013)) would be
included (the effects of moonlight on NSB distri-
bution will be discussed in Section 3.2). Finally,
there were occasional abnormal NSB (> 22 or
< 10 mag arcsec−2) entries collected even after the
exclusion of sunlight affected entries. The exact
origins of these unphysical readings are unknown,
though likely to be electronic glitches of the SQM-
LE or the data acquisition hardware. On the other
hand, other explanations such as lightning or ob-
struction by nocturnal animals or insects could not
be excluded.
In summary, only about 5% of all sunlight-free
entries collected were considered as non-night-sky
events. We believe that entries taken during any
unreported or missed non-night-sky events (for ex-
ample, unreported stargazing sessions) only ac-
counted for a minute subset of the entire database.
We can therefore conclude that statistically speak-
ing, our night sky database truly reflects the vari-
ations of the NSB due to a large range of artificial
conditions (use of external lighting in public and
private facilities) and natural phenomena (for ex-
ample, variations in moonlight, cloud amount, or
rain).
2.3. Data quality and calibration
Designed to be a long-term survey, it was ex-
tremely important to ensure the quality of the
data received for long-term comparison studies.
All components of the NSN monitoring stations
had to be exposed to an outdoor environment for
at least a year. One major challenge was to mon-
itor the effects of sunlight exposure on the optical
properties of the various components, from the
near-infrared blocking filter of SQM-LE unit to
the housing window through which the SQM-LE
took the NSB readings. To measure the change in
transparency of the optical components over time,
we developed a calibration and testing platform in
our laboratory. The platform comprised of a stan-
dard green LED light source (central wavelength
532 nm, FWHM 31 nm) and a moving platform,
with the set-up shown in Figure 3. The distance
between the light source and the SQM-LE sensor,
d, could be adjusted by rails beneath the moving
platform, on which the SQM-LE (together with
the housing cover if we are conducting measure-
ments on the cover) could be anchored. The align-
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ment of the optical components was checked by
laser pointers. The entire platform was covered
by double-layer of thick black cloth during testing
for light-shielding and to minimize internal light
reflection within the setup.
It should be noted that the light source used for
our testing platform was a point source (with light
intensity dropping off from the center with FWHM
40◦) rather than a flat diffused source lit by flu-
orescent light or an 8-inch uniform integrating
sphere used in the experimental setups of the man-
ufacturer of the SQM-LE (Anthony Tekatch 2009,
personal communication) and in Cinzano (2013a)
respectively. This could pose slightly bigger errors
in case of misalignment between the light source
and the detector. On the other hand, the range
of SQM-LE readings checked in our setup at ∼ 16
to 18 mag arcsec−2 would be closer to the actual
NSB observed than the range studied by the cali-
bration setups of the manufacturer and in Cinzano
(2013b). Moreover, the spectral characteristic of
our light source was very different from that of the
typical light-polluted night skies (Sheen & Byun
2004; Slanger et al. 2003; Della Prugna 1999; Lane
& Garrison 1978). Nevertheless, performance of
all optical components and SQL-LE units used in
our study were monitored under the current design
since the start of the project.
All SQM-LE units had been calibrated by the
manufacturer before arrival, with a claimed ab-
solute precision of NSB measurement at ± 0.10
mag arcsec−2, or roughly ±10% in terms of light
intensity. The SQM-LE units, together with the
polycarbonate housing, were collected from all the
monitoring stations to the laboratory testing plat-
form at a frequency of roughly every 6−9 months
for servicing. The collected SQM-LEs were placed
at various distances d from the light source with-
out any cover, making 15 consecutive measure-
ments at each d to yield the average reading at
that distance. Average measurements from dif-
ferent units were compared to look for any ab-
normality. At one of the servicing trips, it was
found that the transparency of the filters of the
first two SQM-LE units installed reduced drasti-
cally (up to 1 mag arcsec−2) due to frosted filter
covering the light sensor. It was believed to be due
to tiny particulates in the atmosphere that were
carried to the filter glass by atmospheric mois-
ture (Anthony Tekatch 2011, personal communi-
cation). These units were shipped back to the
manufacturer with the affected filters replaced by
anti-moisture coated versions with minimal distur-
bance to data collection. Unfortunately the exact
patterns of the drop in performance of these two
sensors were not known and could not be traced.
On the other hand, all data taken by these two me-
ters during the possibly affected period (73,000 for
the KP and 72,000 for the TC station, making up
less than 1/4 of the total collected, cf Table 3) were
studied and it was found that the overall average
NSB of the two stations did not change even if
these entries were removed. Therefore we decided
to retain these data in the database and did not
distinguish them in the subsequent analyses. All
other units subsequently shipped were already pre-
installed with anti-moisture filters. All the SQM-
LE units were shipped back to the manufacturer
for a final calibration after the end of the project
and the results were consistent in general with the
initial accuracy claims of the manufacturer.
For accurate readings of the NSB, the small de-
crease in light intensity due to the application of
the cover have to be corrected. A similar testing
procedure was applied to study the transparency
of the polycarbonate cover windows of the moni-
toring housing. The amount of light attenuation
due to the cover was deduced by comparing mea-
surements made with and without the cover at
different distances d to the light source. It was
found that the transparency of the polycarbonate
material used for the water-tight enclosure cover
dropped over time after several months of expo-
sure, as easily witnessed from the color of the win-
dows turning yellow. This was most likely due to
interactions of the materials with UV radiation
from sunlight after prolonged exposure.
To correct for this problem, two remedies were
taken: first, all the polycarbonate covers were re-
placed with a 1-inch diameter high throughput
glass windows starting from February 2012; sec-
ond, new units of the polycarbonate housing with
and without glass window were installed outdoor
so that changes in its optical properties over time
could be studied. Results of these tests were
summarized in Figure 4. Even for a newly de-
ployed unit, the polycarbonate cover carried a
larger dimming effect δmage(t = 0) ∼ 0.10 mag
arcsec−2 compared to the glass window (0.05 mag
arcsec−2). Concluding from over 300 days of
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Fig. 3.— Schematic drawing of the calibration and testing platform for the SQM-LE and the covering optical
components. The light sensor (and housing cover) will be placed on the moving platform during experiment.
The whole setup was installed within a metal frame and totally light-shielded by double layer of dark cloths
(not shown here). The metal frame had a size about 1.1 (H) × 1.0 (W) × 2.1 (D) m. The moving platform
could be moved on the rail so that the distance between the light sensor and the LED light source d can be
modified. Refer to the main text in Section 2.3 for details on calibration and testing.
outdoor deployment and measurements, the glass
window did suffer from less aging compared to the
polycarbonate cover. It was determined that the
long-term optical attenuation for the polycarbon-
ate covers and the glass windows leveled at ∼ 0.25
and 0.10 mag arcsec−2 respectively, nearly 1 year
after the commencement of sunlight exposure.
The aging effects (δmage) of the polycarbon-
ate cover and the replaced glass windows could
be modeled as functions of the number of days of
sunlight exposure (t) in the form
δmage(t) = A−B exp[C(t− to)] , (1)
where the parameters A, B, C, and to were de-
termined by nonlinear least squares fitting. Their
best-fit values were tabulated in Table 2, while the
best-fit curves were overlaid on Figure 4 for com-
parison. All measurements in our database have
been corrected for the dimming effects of these
components, through careful calculations of the
number of days the particular material, be it poly-
carbonate or glass, spent in the outdoor environ-
ment by the same Equation 1. This ensured the
integrity of the entire database for studies of long-
term variations of the NSB.
We also investigated temporal variations of the
NSB readings observed due to different amount
Table 2: Best-fit parameters for Equation 1 which
model the aging of housing optics as a function of
exposure days t.
Parameter Polycarbonate cover Glass window
A 0.26 0.12
B 0.40 0.03
C -0.01 -0.02
to -102.34 48.67
of dust deposited on the surface of the protective
casing window. This was an issue since almost all
monitoring stations were at unmanned sites and
could only be cleaned during our servicing and by
natural processes such as rain. We compared the
difference in the attenuation by the casing window
(either polycarbonate or glass) right after the sta-
tions were collected for servicing and after they
were washed and cleaned. It was found that the
effects were generally small at less than 0.1 mag
arcsec−2.
3. Night Sky Brightness in Hong Kong
3.1. Overall results
A total of almost 8.6 million raw data entries
were collected from the 18 monitoring stations
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Fig. 4.— Repeated measurements on the light attenuation of the same housings with polycarbonate cover
(squares) and glass window (triangles) reveal the their agings over time due to prolonged exposure of UV
radiation from the Sun. Their best-fit model curves for the time-dependent attenuation (Equation 1) were
overlaid (dashed and solid curves respectively) for comparison. The error bars described the spread of data
points during experiments, which were conduced after surface cleaning.
since operation of the first station at KP in 26
May 2010 to the end of the study in 31 March
2013. Of the data entries received, 4.6 million
(54%) were recording real NSB that were not af-
fected by the Sun or by human interference (cf
Section 2.2). The monthly accumulation of the
NSB data throughout the duration of the project
is shown in Figure 5. As presented in Table 1,
the commissioning of the monitoring stations was
conducted in phases, with a majority of stations
in operation by late 2010. In the first few months
of the survey, various data taking frequencies were
tested until settling down to once every 5 minutes
for a total of ∼ 40k – 50k data points per month.
As described in Section 2.1.3, the data collection
frequency of the entire network was raised to once
per minute starting from late 2011, hence increas-
ing the number of NSB received to ∼ 200k – 250k
data points per month. The monthly variation
of the data sample collected was mostly due to
the downtime of a few of the monitoring stations
caused by various hardware or network-connection
issues.
Of the NSB data collected, about 3.0 million
(64% out of the real NSB data received) came from
the 10 urban station, 1.1 million (24%) from the 6
rural stations, and 0.5 million (12%) from the two
stations that were neither classified as urban nor
rural due to their peculiar locations. The numbers
of NSB measurements from each station were pre-
sented in Table 3. Similar numbers of NSB data
were received from most of the stations except two:
the MWo station due to its early termination (cf
Section 2.1.2), and the TpM station due to the
lower data collection rate for that particular sta-
tion (cf Section 2.1.3).
The average and standard deviation of the NSB
observed in each monitoring station were also tab-
ulated in Table 3. The overall average NSB was
16.5 mag arcsec−2, similar to that obtained in the
earlier study (Pun & So 2012). However, this fig-
ure should be treated with care because the data
were collected under vastly inhomogeneous condi-
tions. Effects of factors such as time of observa-
tions, locations of study, astronomical factors, me-
teorological factors, and location-specific lighting
usage patterns, could all contribute to the actual
NSB observed.
One of the main goals of our study was to
quantify the skyglow caused by artificial lighting
sources on the ground. As discussed earlier (cf
Section 2.1.2), the locations were broadly classi-
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Table 3: Statistics of the NSB measurements in Hong Kong. Refer to Section 3.2 for the definition of the
moonlight-free condition.
All data Moonlight-free data
Station Sample size NSB in mag arcsec−2 Sample size NSB in mag arcsec−2
(no. of stations) Average Standard deviation Average Standard deviation
all (18) 4,644,081 16.5 1.6 2,758,461 16.8 1.7
Urban (10) 2,977,473 15.9 1.3 1,771,888 16.0 1.3
Rural (6) 1,121,710 18.4 1.2 660,931 19.0 0.8
Not classified (2) 544,898 16.5 1.1 325,642 16.7 1.1
Urban
KP 328,604 15.2 1.3 199,389 15.3 1.3
TC 303,668 16.3 1.1 178,638 16.6 1.1
HKn 299,503 16.4 1.0 181,860 16.7 1.1
HKU 356,032 15.9 1.1 210,993 16.1 1.2
TST 332,527 14.8 1.3 198,033 14.9 1.3
TPo 308,453 15.8 1.1 181,818 16.0 1.2
TSW 283,596 16.6 1.0 165,344 16.8 1.0
WTS 287,634 15.4 1.1 174,689 15.6 1.2
SSh 234,447 16.4 1.0 135,047 16.6 1.1
ST 243,009 15.9 1.0 146,077 16.1 1.1
Rural
iObs 332,003 18.1 1.1 195,456 18.7 0.9
SH 136,645 18.2 1.1 74,977 18.8 0.7
Cap 309,305 18.5 1.1 184,677 19.1 0.6
AP 273,621 18.7 1.2 162,011 19.3 0.7
MWo 41,159 17.8 1.0 27,306 18.1 0.8
TpM 28,977 18.4 1.1 16,504 19.0 0.7
Not classified
TMD 258,562 16.4 1.1 156,508 16.6 1.1
GFS 286,336 16.6 1.1 169,134 16.9 1.1
fied into urban and rural to characterize the ef-
fects of human activities. Combined statistics
based on the location settings are presented in
Table 3. As expected, all urban monitoring sta-
tions recorded brighter average night sky (hence-
forth a lower NSB value in mag arcsec−2 unit)
than every rural station. Averaging all the data
from the 10 urban stations and the 6 rural sta-
tions, it was found that the night sky in an ur-
ban setting (15.9 mag arcsec−2) was on average
2.5 mag, or 10 times9, brighter than in a rural one
(18.4 mag arcsec−2). This again confirmed results
from the previous study (Pun & So 2012) that hu-
man lighting contributed significantly to the light
9A difference of 1 mag arcsec−2 refers to a light flux ratio of
2.512. Therefore a difference of x mag arcsec−2 refers to a
flux ratio of 2.512x.
pollution conditions in Hong Kong.
Even among the urban stations, there existed
a large range of observed NSB, with the brightest
site (TST at 14.8 mag arcsec−2) having a night sky
5 times brighter than the darkest urban site (TSW
at 16.6 mag arcsec−2). This should not come as
a surprise because of the large variations in the
amount of external lighting used in the surround-
ings. In our case, the brightest urban location was
the one situated in the middle of the commercial
and business center in the city while the darkest
urban location was located near the intersection
between an ecological park and a town center (cf
Section 2.1.2).
The combined histograms of NSB recorded at
urban and rural stations were shown in Figure 6.
The relative frequencies of the urban and rural
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Fig. 5.— Histogram of the monthly NSB data col-
lected from all the monitoring stations. The data
taking frequency was increased from once every 1
to 5 minutes to once every 1 minute for all sta-
tions since mid-December 2011, resulting in the
sharp increase in the number of data points col-
lected afterwards.
NSB data were computed separately to make up
for the fewer stations and hence fewer NSB mea-
surements received from the rural locations. The
range of NSB values observed for each type of
setting were large for either urban or rural-type
locations, reflecting the huge inhomogeneities of
the conditions under which these data were taken.
NSB measurements taken from both types of set-
tings could span a range of ∼ 7 mag difference in
brightness, or over 600 times in observed luminos-
ity. On the other hand, it was clear from the figure
that skyglow from urban lighting sources bright-
ened up the night sky significantly, as witnessed
from the split distributions of the urban and ru-
ral data taken under identical lunar and similar
atmospheric conditions.
3.2. Effects of moonlight on NSB distribu-
tion
After effects of the Sun were removed in our
database, the Moon remained the single biggest
natural factor that affected the NSB observed.
The amount of Moon’s direct and scattered radi-
ation at the zenith depended on both its altitude
Fig. 6.— Histogram showing the relative percent-
age distribution of all night sky brightness (NSB)
recorded at the urban and rural stations. Different
normalization factors were applied to the urban
and rural data such that the number of urban and
rural data bars will add up to 100% separately.
and phase which were calculated by the formu-
lations in Duffett-Smith (1981). Roughly half of
data were collected when the Moon was above the
horizon. The SQM-LE recorded the combined ra-
diation from the Moon in addition to scattered hu-
man light sources in these cases. Our dataset cov-
ers the entire physically possible ranges of Moon
altitude and phase.
To study the effects of moonlight on the ob-
served NSB, we adopted the moonlight bright-
ness model as outlined in Krisciunas & Schaefer
(1991). The model calculated the radiation from
the scattered moonlight as a function of Moon
phase and the angular separation between the
Moon and the sky being observed, which was the
zenith in our case. The model calculations were
originally formulated for the astronomical broad-
band V filter bandwidth (central wavelength 545
nm, FWHM 84 nm (Bessell 2005)), but had been
directly adopted for the SQM-LE for simplicity.
The observed change in the zenith NSB due
to moonlight, ∆Vmoon, was derived by comparing
the modeled Moon’s surface brightness and the
zenith NSB background level, B0. We adopted
the darkest recorded NSB in the database, 21.2
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mag arcsec−2 measured at the AP station, as the
baseline B0. This would provide an upper limit
to the effects from the Moon to the observed
NSB in the entire study. Another parameter in
the model was the atmospheric extinction coeffi-
cient k for the V wavelength band. The value
of k = 0.58 mag/airmass, derived from a vari-
able star observing project (Chau 2011) performed
at the astronomical telescope housed in the same
building of the iObs station in October 2010, was
adopted.
The calculated ∆Vmoon contours for various
Moon altitude and Moon phase combinations were
shown in Figure 7. As expected, the values of
∆Vmoon were all negative, meaning that the net
effect of the Moon would lead to a decrease in
the observed NSB in mag arcsec−2 unit. The dis-
continuous contour lines at Moon altitude of 80◦
originated from the discontinuity of the scattering
functions in Equations (18) and (19) of Krisciunas
& Schaefer (1991).
Using these results, we adopted the value of
∆Vmoon = −0.6 mag arcsec−2 as the line separat-
ing data that were affected by the Moon. NSB ob-
servations taken under Moon altitude-phase com-
binations such that ∆Vmoon > −0.6 mag arcsec−2
would be classified as moonlight-free while the oth-
ers would be classified as moonlight-affected. The
value of 0.6 mag arcsec−2 was half of the standard
deviation of NSB at the darkest station AP (Ta-
ble 3). It was assumed that for any moonlight con-
tribution at less than half of the observed spread in
the NSB, the moonlight effect could not be easily
distinguished from contributions from other fac-
tors such as variations of the atmospheric condi-
tions.
It should be noted that in the current calcula-
tion of ∆Vmoon, the angular response of the SQM-
LE (Section 2.1.1) had not been included. If that
were included, the effect from the Moon would be
even bigger when the moonlight observed within
the entire FOV of SQM-LE were integrated. In
addition, the difference in spectral response be-
tween the SQM-LE sensor and photometric broad-
band V filter, variations of the atmospheric condi-
tions among individual observations (reflected by
k), varying levels of moonless NSB in different sta-
tions (reflected by B0), and the model prediction
accuracy (claimed by Krisciunas & Schaefer (1991)
to be of order 10% to 20%) limited the data selec-
tion accuracy. On the other hand, we were only
looking for a fast algorithm to investigate the over-
all effects of moonlight on NSB and we believe the
proposed method should be sufficient.
All the NSB data collected were classified as
either moonlight-affected or moonlight-free using
the Moon altitude-phase criteria described above.
In the end, 59% of the NSB measurements were
classified as moonlight-free. The statistics of the
moonlight-free data subset for all monitoring sta-
tions were also presented in Table 3. As expected,
the removal of the moonlight-affected data in our
database led to an increase in the average NSB
(that is, reduction in average sky brightness) for
all stations. On the other hand, effects of moon-
light to the observed NSB were smaller in urban
versus rural stations, as witnessed from the smaller
rise in the averaged NSB when the moonlight-
affected data were removed (0.1−0.3 mag arcsec−2
for the urban stations versus 0.3−0.6 mag arcsec−2
for the rural ones). Combining data from all sta-
tions, the removal of moonlight-affected data led
to an increase in the average observed NSB by 0.1
and 0.6 mag arcsec−2 respectively, for urban and
rural sites.
After accounting for the moonlight, the ef-
fect of human lighting on the NSB could be de-
scribed more accurately by comparing the average
moonlight-free NSB values from different moni-
toring stations. The brightest location (TST at
14.9 mag arcsec−2) was 4.4 mag arcsec−2, or 57
times, brighter than the darkest one (AP at 19.3
mag arcsec−2). While the instantaneous weather
in Hong Kong could vary by a great deal in differ-
ent locations, the overall atmospheric conditions
experienced at all locations should be roughly the
same over the long duration of the project. There-
fore it could be concluded that the large difference
in the NSB between the brightest and the dark-
est sites was entirely due to the different lighting
environments at these two locations. When the
moonlight-free NSB data from all the urban (1.77
million measurements) and rural (661k measure-
ments) stations were combined, it was found that
the urban sites were on average 3.0 mag arcsec−2,
or 15 times, brighter than the rural ones.
The overall average moonlight-free NSB in
Hong Kong was 16.8 mag arcsec−2. This fig-
ure could be compared to the natural zenith V -
band NSB level of 21.6 mag arcsec−2 suggested by
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Fig. 7.— Effect of moonlight on the zenith night sky brightness as a function of Moon’s altitude and phase
calculated from the moonlight prediction model of Krisciunas & Schaefer (1991). The V -band atmospheric
extinction coefficient k and the dark night-time zenith sky background level B0 were assumed to be 0.58
mag/airmass and 21.2 mag arcsec−2, respectively. The dashed curve represents combinations of Moon
altitude and Moon phase which gave ∆Vmoon = -0.6 mag arcsec
−2. The discontinuous contour lines at Moon
altitude of 80◦ originated from the discontinuity of the scattering functions in Equations (18) and (19) of
Krisciunas & Schaefer (1991). The top left diagonally shaded region represented a region that was excluded
for lunar motions during night-time.
the International Astronomical Union (IAU) for
a good astronomical site with no pollution from
artificial lighting sources (Smith 1979). It should
be noted that the spectral response of the SQM-
LE (240 nm FWHM) was broader than that of
the broadband V filter (84 nm FWHM), and the
peak wavelengths of these two were also slightly
different (540 nm for SQM-LE versus 545 nm for
the V -band). The average Hong Kong night sky
was 4.8 mag arcsec−2, or 82 times, brighter than
that standard. In the worst (TST) and the least
(AP) light-polluted locations, even after the ef-
fects of the Moon were mostly removed, the night
sky was on average 464 and 8 times brighter than
the standard respectively. On the other hand, the
combined urban and rural averages, at 16.0 and
19.0 mag arcsec−2 respectively, were 168 and 11
times brighter than the standard.
The histograms of NSB distributions for all
monitoring stations are presented in Figures 8
to 11 for different land settings. The relative fre-
quencies compared to the total number of data
points collected at that station are plotted. To il-
lustrate the effects of moonlight on the observed
NSB, the distributions from both the moonlight-
affected and moonlight-free data were overlaid for
comparison. As in the combined histogram in Fig-
ure 6, the observed NSB at each site spanned a
large range in brightness, with a typical range of
∼ 5 − 6 mag arcsec−2 for an urban or an unclas-
sified location, and ∼ 6 − 7 mag arcsec−2 for a
rural site. The distribution of NSB at any par-
ticular site could not be described by any simple
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function. Moreover, there was not a single charac-
teristic shape to describe the NSB distributions in
all monitoring stations. This inhomogeneity was
most probably due to the different lighting envi-
ronments near different stations.
For most of the urban (all except KP and TST)
and for the two unclassified stations, the distribu-
tions of the NSB near the bright end (small NSB
values) of the histograms were similar irrespective
of the presence of the Moon, while the moonlight-
affected and moonlight-free distributions differed
at the dim end (large NSB values), with an addi-
tional peak for the moonlight-free data. These ob-
servations suggested that when the night sky was
bright at an urban site, emission from the Moon
did not contribute much to the observed NSB.
Other factors, such as the lighting environment,
the time in the evening, and the cloud amount
(Kyba et al. 2011) were likely to be more impor-
tant in dictating the observed NSB. On the other
hand, when a dark sky was observed at an urban
setting, it was most likely to be a moonlight-free
evening. In KP and TST, the two brightest loca-
tions in our network, the shapes of the moonlight-
affected and moonlight-free histograms were simi-
lar at either the bright or dim end of the plot. This
implied that radiation of the Moon contributed
only a small fraction of the observed NSB at all
times, thus resulting in similar distributions ob-
served under all moonlight conditions.
For the rural stations, the separation of the ob-
served NSB based on the amount of moonlight
resulted in two distinct populations (Figure 10),
with different peaks observed in the moonlight-
affected and moonlight-free data subsets. This in-
dicated that emission from the Moon was a dom-
inating light source at these rural settings when-
ever it satisfied the moonlight-affected conditions.
Another conclusion is that the amount of the ar-
tificial lighting used in these environments was
much lower than in the urban environments. It
is believed that other factors, such as the vary-
ing cloud amount, contributed to the spread of
the moonlight-free NSB observed. The removal
of moonlight-affected data also led to a reduc-
tion in the range of moonlight-free NSB data to
only ∼ 4 mag arcsec−2, as well as a smaller stan-
dard deviation as listed in Table 3 (from 1.0− 1.2
mag arcsec−2 for all data to 0.6−0.9 mag arcsec−2
for moonlight-free data). On the other hand, the
spread of the urban NSB data stayed fairly con-
stant even as we studied the moonlight-free data
subset.
As seen in Figure 10, several types of distri-
butions exist for the moonlight-free NSB distri-
bution in rural stations. For the Cap and AP
stations, the moonlight-free data were roughly in
Gaussian distributions, with slight extension to-
wards the brighter end. On the other hand, in
the SH and MWo stations, both with similar ru-
ral village environments, two peaks separated by
∼ 1.5− 2 mag arcsec−2 are observed. It should be
noticed though that data taken at the MWo sta-
tion suffered from the digitization problem in the
beginning of the survey, resulting in some alter-
nating distribution pattern for data brighter than
17.0 mag arcsec−2 (cf Section 2.1.1). Finally, some
hybrid distributions seem to be present for the
iObs and TpM data. It was interesting to no-
tice that similar double-peak distributions can also
be found in most of the urban moonlight-free his-
tograms in Figures 8 and 9. The observed double-
peak pattern probably resulted from the combined
effects of different factors, including the variations
of the NSB as a function of time, season, and cloud
amount. The last factor had been investigated ear-
lier in studies such as Kyba et al. (2011) in which
the cloud coverage could brighten the observed sky
brightness due to enhanced back-scattering of ar-
tificial light.
Finally, a comparison of the urban versus ru-
ral distribution for the moonlight-free NSB is pre-
sented in Figure 12. This plot is similar to the his-
togram in Figure 6, with the relative frequencies
of the urban and rural NSB data were computed
separately. After removing the moonlight-affected
data, both the urban and rural distributions ex-
hibit larger occurrence near the dark side as ex-
pected. Moreover, both histograms in Figure 12
skewed towards the brighter end (smaller values of
NSB), which could possibly be explained by the
skyglow caused by clouds in an overcast night sky.
The average difference between the moonlight-free
urban and rural NSB was 3.0 mag arcsec−2, or a
flux ratio of∼ 15 times in light intensity. Although
the effects of variations in NSB due to other factors
such as the cloud amount have not been removed,
this difference represents a characteristic number
when we contrast the quality of the night sky be-
tween urban and rural settings in Hong Kong.
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Fig. 12.— Histogram showing the relative per-
centage distribution of moonlight-free night sky
brightness (NSB) recorded at urban and rural sta-
tions. Different normalization factors were applied
to urban and rural data, such that the number of
urban and rural data bars will add up to 100%
separately. Refer to Section 3.2 for the selection
of moonlight-free data.
4. Discussion
Outdoor lighting is an integral and indispensi-
ble part of modern societies. The accompanying
issue of light pollution has just begun to arouse
the attention of a wide spectrum of the general
public, as well as ecologists, medical profession-
als, astronomers, and energy conservationists. To
combat this growing environmental problem, a
Global Project titled Dark Skies Awareness10 was
launched during the International Year of Astron-
omy 2009. Studies of the night sky brightness
(NSB), long the exclusive domain of professional
astronomers, provide a measure of the extent of
light pollution. While earlier measurements of the
NSB were mostly conducted at dark astronomical
observing sites, a NSB study in an urban environ-
ment allows the impacts of outdoor lighting fix-
tures in various configurations to be investigated.
Using a portable and easy-to-use solid-state mea-
suring device called the Sky Quality Meter (SQM),
10See http://www.astronomy2009.org/globalprojects/
cornerstones/darkskiesawareness/
we have previously conducted a study in Hong
Kong, collecting over 2,000 NSB measurements
over a 18 month duration in 2008-09 (Pun & So
2012). Results of this path-finding study clearly
revealed that human outdoor lighting usage con-
tributed strongly to this environmental degrada-
tion.
Building upon the earlier survey, we established
a more comprehensive monitoring of the night sky
by setting up the Hong Kong Night Sky Brightness
Monitoring Network (NSN) in May 2010, which
continually measured the NSB at multiple urban
and rural sites. Real-time maps were generated to
depict the night sky conditions in Hong Kong us-
ing the ethernet version of the SQM, known as Sky
Quality Meter - Lens Ethernet (SQM-LE). A total
of 18 stations were established to monitor the vari-
ations of the NSB in Hong Kong due to large vari-
ations in the landscape and urban developments in
the city. By choosing these monitoring locations
strategically over different regions with diverse
land uses around Hong Kong, the NSN aimed to
monitor changes in NSB automatically as a func-
tion of time, location, and others environmental
factors. The installation of each station was de-
signed to be low cost, weatherproof, and flexi-
ble. The operation of each station was designed to
be robust and maintenance free. Real-time data
were obtained from the remote sites via the mobile
Internet network. The end-product was a huge
dataset with high temporal resolution collected si-
multaneously at multiple locations. Over 4.6 mil-
lion individual NSB measurements were recorded
under a huge range of environmental conditions
over 35 months since the start of the project. This
was over 2,000 times more data collected than the
previous study and represented one of the largest
NSB data sets heretofore collected for a single city.
This formed the basis for a comprehensive inves-
tigation of the underlying relations between the
NSB and various artificial and natural factors.
The overall average brightness level of the Hong
Kong night sky, after removing the data taken dur-
ing moonlight-affected conditions, was 16.8 mag
arcsec−2, which was almost 100 times higher than
that of the pristine night sky background as de-
fined by the International Astronomical Union
(Smith 1979). From a rough classification based
on satellite imagery, land use, and population in-
formation, moonlight-free observations made in an
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urban night sky is on average 3.0 mag arcsec−2,
or 15 times, brighter in light intensity than that
in rural locations. While this result suffered from
the inherent diversity of broad concepts such as
urban and rural, it firmly established the level of
influence of human lighting on the environment.
The general and broad nature of the classifica-
tion was also reflected in the large variations of
average NSB observed among stations of either
type of setting, suggesting diverse ambient arti-
ficial lighting present. Finally, the limited number
of observing stations was insufficient to cover all
the variations in NSB in a geographically complex
metropolis such as Hong Kong. A more system-
atic design of the monitoring network, such as ar-
ranging for monitoring stations based on popula-
tion distribution, might be required to determine
a more precise picture of the exact effects of urban
lighting. On the other hand, it is difficult to draw
any straight-forward conclusion from this study on
how the observed NSB changes with distance from
the center of a large city. It is because, unlike
some other cities where there is a single city cen-
ter radially spread out in all directions on a flat
landscape, urban settlements in Hong Kong are
distributed over large areas with complex terrain
and hilly landscape (cf Figure 1).
It is worthwhile to compare the findings on the
NSB properties of Hong Kong from this study with
those collected elsewhere. During 2012 – 2013, an-
other survey based on data collected by two SQM-
LE units in two locations (one urban and one ru-
ral) was conducted in Vienna, Austria (Puschnig
et al. 2013). Instead of quoting an overall aver-
age, the authors reported typical values of NSB
(regardless of Moon conditions) in urban Vienna
of 16.3 and 19.1 mag arcsec−2 during overcast and
clear conditions respectively. While direct com-
parisons between the results from the two cities
were not possible (it was not clear in Puschnig
et al. (2013) the exact quantitative criteria of the
classification of overcast and clear night skies), it
was noticed that only ∼0.007% of urban data in
Hong Kong (cf distribution of urban NSB in Fig-
ure 6) was darker than the typical NSB measured
in Vienna in clear conditions. While lacking de-
tailed meteorological data in our survey, this result
appears to argue for a more severe light pollution
problem in Hong Kong. This is consistent with our
conclusion that man-made lighting was the main
pollution source in urban areas as the population
density in Hong Kong (6,620 people per km2) is
higher than that in Vienna (4,002 people per km2).
The major challenge for establishing this long-
term data archive on the NSB was to ensure the
quality and consistency of data collected. The
main concern was the consistency of all the opti-
cal components over the project duration, includ-
ing the long-term stability of the SQM-LE and the
transparency of the protective casing. These were
addressed by regular servicing trips and calibra-
tions performed using the laboratory test-stand to
check the performance of each optical component.
Under the constraints of limited budget and man-
power, they were done in a frequency of roughly
once every 6− 9 months. This was believed to be
enough to account for long-term gradual changes
such as the transparency of the casing and the
responses of most SQM-LE units. On the other
hand, the current setup had difficulties tracking
sudden drops in performance (such as the frosted
filter glasses of two SQM-LE units, cf Section 2.3)
until after the problem was discovered during ser-
vicing. In summary, we believed the overall accu-
racy of the data in the archive would be of order
∼ 0.1 − 0.2 mag arcsec−2, of which 0.1 mag was
the intrinsic accuracy of the SQM-LE claimed by
the manufacturer. It should be noted that the ef-
fects of almost all these processes, such as aging of
sensor, aging of casing, or dust, would have a net
effect of reducing the brightness of the night sky
observed. Therefore the night sky flux needs to
be adjusted upwards, or decreases the NSB mea-
sured in mag arcsec−2 unit, from what was in the
archive.
The present analysis has just scratched the sur-
face of the huge database assembled. Further anal-
yses of the data collected could provide valuable
insights on how various natural and artificial fac-
tors affect the final NSB observed. Topics that our
team is currently working on include detailed ge-
ographic (population, landscape, and land-usage)
and temporal (seasonal as well as nightly) varia-
tions of the NSB, studies of relations between NSB
and the Moon, NSB and the cloud (total amount,
base height, and type), and NSB observed versus
remote sensing data. Furthermore, as the NSB
was one of the indicator of the extent of light pol-
lution, extending the time baseline of this archive
could yield the long-term trend of light pollution
22
conditions in Hong Kong. It is expected that find-
ings from these studies would contribute to the
overall environment of Hong Kong by promoting
light pollution reduction and energy saving. This
monitoring network could possibly serve as the
prototype for a future system with which the qual-
ity of night sky would be comprehensively mon-
itored similar as other environmental indicators
such as air quality and particulate concentrations.
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Fig. 8.— Histograms showing the relative percentage distribution of the night sky brightness (NSB) recorded
at the urban stations KP, TC, HKn, HKU, TST, and TPo, with (open bars) and without (solid cyan bars)
the influence of moonlight. Fractions of the number of data against the total sample were calculated so that
the number of moonlight-affected and moonlight-free data bars will add up to 100%. Refer to Section 3.2
for conditions of the moonlight-affected and moonlight-free data.
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Fig. 9.— Same as Figure 8 for the urban stations TSW, WTS, SSh, and ST.
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Fig. 10.— Same as Figure 8 for the rural stations iObs, SH, Cap, AP, MWo, and TpM. Note that the number
of measurements were lower for the MWo and TpM stations. Refer to Sections 2.1.2 and 2.1.3 for reasons.
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Fig. 11.— Same as Figure 8 for the two stations TMD and GFS that were classified as neither urban nor
rural.
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